ABSTRACT Saccharomyces cerevisiae Spt6 protein is a conserved chromatin factor with several distinct functional domains, including a natively unstructured 30-residue N-terminal region that binds competitively with Spn1 or nucleosomes. To uncover physiological roles of these interactions, we isolated histone mutations that suppress defects caused by weakening Spt6:Spn1 binding with the spt6-F249K mutation. The strongest suppressor was H2A-N39K, which perturbs the point of contact between the two H2A-H2B dimers in an assembled nucleosome. Substantial suppression also was observed when the H2A-H2B interface with H3-H4 was altered, and many members of this class of mutations also suppressed a defect in another essential histone chaperone, FACT. Spt6 is best known as an H3-H4 chaperone, but we found that it binds with similar affinity to H2A-H2B or H3-H4. Like FACT, Spt6 is therefore capable of binding each of the individual components of a nucleosome, but unlike FACT, Spt6 did not produce endonuclease-sensitive reorganized nucleosomes and did not displace H2A-H2B dimers from nucleosomes. Spt6 and FACT therefore have distinct activities, but defects can be suppressed by overlapping histone mutations. We also found that Spt6 and FACT together are nearly as abundant as nucleosomes, with 24,000 Spt6 molecules, 42,000 FACT molecules, and 75,000 nucleosomes per cell. Histone mutations that destabilize interfaces within nucleosomes therefore reveal multiple spatial regions that have both common and distinct roles in the functions of these two essential and abundant histone chaperones. We discuss these observations in terms of different potential roles for chaperones in both promoting the assembly of nucleosomes and monitoring their quality.
S
PT6 is a highly conserved factor implicated in several steps in gene expression, including initiation, elongation, and termination of transcription, as well as processing and export of messenger RNA (mRNA) and achieving appropriate post-translational modification of histones at actively transcribed sites (Compagnone-Post and Osley 1996; Hartzog et al. 1998; Endoh et al. 2004; Bucheli and Buratowski 2005; Kaplan et al. 2005; Yoh et al. 2007 Yoh et al. , 2008 Ardehali et al. 2009; Ivanovska et al. 2011; DeGennaro et al. 2013; Dronamraju and Strahl 2013) . Spt6 has several known activities that are relevant for participating in this broad range of functions, including binding to RNA polymerase II, DNA, histones, and nucleosomes (Bortvin and Winston 1996; Krogan et al. 2002; Yoh et al. 2007; McDonald et al. 2010; Close et al. 2011) . One effect of diminished Spt6 function in vivo is decreased nucleosome occupancy in transcribed regions, resulting in inappropriate activation of transcription owing to loss of repressive chromatin (Kaplan et al. 2003; Adkins and Tyler 2006; Jamai et al. 2009; Hainer et al. 2011; Ivanovska et al. 2011; Thebault et al. 2011; DeGennaro et al. 2013; Kato et al. 2013a) . Spt6 therefore both promotes the production and processing of appropriate RNAs and also prevents the production of inappropriate transcripts at least partly by maintaining chromatin in a repressive state. Current models suggest that Spt6 accomplishes this by binding to RNA polymerase II during transcription and then using its multiple functional domains to coordinate the activities of transcription elongation and mRNA processing machinery with the reassembly of chromatin after the passage of the polymerase (DeGennaro et al. 2013; Kato et al. 2013b) .
The 1451-residue Saccharomyces cerevisiae Spt6 protein has at least three structural domains: a natively unstructured 300-residue N-terminal region that is highly acidic (over one-third aspartate and glutamate residues, estimated pK i = 4.0), a central region of about 950 amino acids with multiple functional sequence motifs and overall similarity to the prokaryotic transcription factor Tex (Johnson et al. 2008) , and an 200-residue C-terminal region with both the known SH2 modules found in this yeast (the tandem SH2 domain) (Diebold et al. 2010b; Sun et al. 2010; Close et al. 2011) . Spt6 binds directly to nucleosomes and to the transcription factor Spn1/Iws1 (Krogan et al. 2002; Lindstrom et al. 2003; Yoh et al. 2008; Zhang et al. 2008; Diebold et al. 2010a; McDonald et al. 2010) . Remarkably, both interactions are mediated by the same 30-residue peptide within the unstructured N-terminal domain (Spt6 ). Binding is competitive because addition of Spn1 disrupts the interaction between Spt6 and nucleosomes, suggesting a switching mechanism in which the association of Spt6 with nucleosomes is regulated by Spn1 binding (McDonald et al. 2010) . Mutations that weaken the Spt6:Spn1 interaction cause significant defects in transcriptional repression, and mutations that ablate binding are lethal (McDonald et al. 2010) . Spt6 therefore has an important role in maintaining chromatin integrity, and this role appears to involve competition between binding of Spt6 to Spn1 or to nucleosomes, but the purpose of the Spt6:nucleosome interaction, its physiological context, and the function of the competition with Spn1 are unknown.
FACT is also an essential conserved factor that can bind free histones or assembled nucleosomes (Belotserkovskaya et al. 2004; Xin et al. 2009; . FACT also functions in a broad range of processes, in this case including transcription initiation and elongation and DNA replication (Belotserkovskaya et al. 2004; Formosa 2012) . FACT has two subunits (Spt16-SSRP1 in higher eukaryotes and Spt16-Pob3 in yeasts and fungi), each with multiple structural and functional domains (VanDemark et al. 2006 (VanDemark et al. , 2008 Hondele et al. 2013; Kemble et al. 2013) . Nucleosomes bound by FACT in vitro adopt a reorganized structure that retains all the components of the nucleosome but in a less compact configuration in which the DNA is more accessible to some restriction endonucleases and to RNA polymerase II and from which dissociation of H2A-H2B dimers becomes more probable (Xin et al. 2009; Formosa 2012; Hsieh et al. 2013) . The ability to induce or trap this reorganized form and, conversely, to resolve loosely organized combinations of histones and DNA into canonical nucleosomes has been proposed to be the central function of FACT, allowing it to participate in both nucleosome disassembly and nucleosome assembly (Formosa 2012) .
Genetic analysis of FACT has provided significant insight into the features and physiological functions of nucleosome reorganization (VanDemark et al. 2008; McCullough et al. 2011 McCullough et al. , 2013 . Mutations in different domains of FACT cause distinct defects in vivo and in vitro, and mutations in histones can either compensate for decreased FACT activity or exacerbate the defects, with different FACT alleles producing different profiles of genetic interactions. For example, the nucleosome reorganization model suggests that H2A-H2B dimers must be dissociated from DNA and from (H3-H4) 2 tetramers. Consistent with this, the spt16-11 mutation causes a defect in nucleosome reorganization activity in vitro, and both this and some of the phenotypic effects of this allele in vivo can be suppressed by mutations in H2A-H2B that weaken the interface between dimers and tetramers (McCullough et al. 2011) . In contrast, these same histone mutations are neutral or detrimental when combined with the pob3-Q308K allele, affecting the small subunit of FACT, and the effects of this allele were instead suppressed by mutations that affect the flexibility of the H4 N-terminal domain junction region, whose conformation has been proposed to be important during nucleosome assembly . Histone mutations therefore can provide a probe for the features of histones and nucleosomes that participate in the dynamic interactions among chaperones, histones, and nucleosomes.
To investigate how Spt6 interacts with histones and nucleosomes and how competition by Spn1 affects these interactions, we isolated histone mutants that suppress the phenotypes caused by weakening the Spt6:Spn1 interface. We reasoned that suppressor mutations might counteract the effects of diminished Spt6:Spn1 binding by weakening competing interactions or activities and therefore report on the function of the switch. We previously used the Spt6:Spn1 structure to design a set of mutations predicted to disturb this interaction and showed that the strength of the resulting phenotypes correlated with altered affinity (McDonald et al. 2010) . The spt6-F249K allele was chosen for the studies reported here because it caused strong defects but retained adequate viability for genetic analysis. Our results show a surprising overlap between features of nucleosomes that affect the functions of Spt6 and those that affect FACT, but they also highlight unique activities of these two essential histone chaperones. spt6-F249K defects were partially suppressed by many of the same histone alleles that suppressed phenotypes caused by the spt16-11 FACT mutation, suggesting that multiple histone chaperones benefit from promoting dissociation of H2A-H2B from (H3-H4) 2 . However, the strongest suppression was observed with an H2A-N39K allele that alters the interface between the two H2A-H2B dimers in a nucleosome, and this mutation was not beneficial to FACT mutants. There are therefore different ways for a nucleosome to be unstable, and Spt6 and FACT differ regarding which internal features or spatial domains of the nucleosome are important for their respective activities.
Our results revealed that H2A-H2B dimer:dimer interactions are particularly important in cells lacking efficient Spt6:Spn1 binding, prompting us to examine whether Spt6 binds H2A-H2B directly. Immobilized Spt6 was previously reported to bind preferentially to H3-H4 (Bortvin and Winston 1996) , but we found that in solution it has similar affinity for H2A-H2B and H3-H4. Spt6 and FACT are therefore both capable of binding each of the individual components of nucleosomes as well as the assembled products, but Spt6 did not produce the increased accessibility to DNA associated with FACT-mediated nucleosome reorganization. We conclude that Spt6 and FACT have both overlapping and distinct functional interactions with histones and nucleosomes and that binding to each of the components of a nucleosome is not sufficient to produce nucleosome reorganization. To explain the distinct and overlapping effects of histone mutations on histone chaperone functions, we propose that the interaction between Spn1 and Spt6 has an important role in monitoring the quality of nucleosome assembly and the integrity of existing chromatin and that Spt6 and FACT are abundant chaperones that collaborate to assemble, inspect, and maintain chromatin.
Materials and Methods
Histone genes were mutagenized by standard PCR amplification, as described previously (McCullough et al. 2011 . Briefly, a spt6-F249K strain with all eight genomic histone genes deleted was constructed with a URA3-marked lowcopy-number plasmid carrying HTA1-HTB1 and HHT2-HHF2 as the only sources of histones. These histone genes and about 400 base pairs of flanking vector sequence were amplified from the plasmid by standard PCR using Pfu polymerase, the product was mixed with a linearized empty vector marked with LEU2, and the mixture was used to transform the spt6-F249K histone deletion strain. Leu + clones resulting from recombination between the PCR product and the linearized vector in vivo were replica plated to medium containing 5-FOA to select cells lacking the URA3-marked plasmid. Viable clones containing only PCR-mutagenized histone genes were screened for the ability to grow at elevated temperatures that are restrictive for spt6-F249K strains, plasmids were isolated from these clones and used to transform a fresh host strain to ensure linkage of the Ts 2 suppression with the histone mutation, and then the four histone genes on the plasmid were sequenced to identify suppressing mutations. Multiple independent PCR pools were used, and isolates with the same mutation were considered to be independent only if they came from different PCR reactions. A subset of the mutations identified was integrated into the genome at each of the two similar genes that encode each histone, resulting in strains expressing only the mutant histone alleles from endogenous loci with genetic markers downstream of each gene, as described previously (McCullough et al. 2011 ). Combinations of integrated mutations then were obtained by standard genetic crosses (Table 1) .
Spt6 was purified from a bacterial expression system as described by Close et al. (2011) . Fluorescence-labeled recombinant histones based on S. cerevisiae or Xenopus laevis histone sequences were assembled into nucleosomes using a 5S ribosomal DNA (rDNA) sequence, and then complex formation, rate of digestion by DraI, and displacement of H2A-H2B dimers were assayed as described by Xin et al. (2009) .
To measure protein abundance, cells were grown to logarithmic phase and harvested by centrifugation. Cell number was determined by hemacytometer counting, and proteins were extracted by the trichloroacetic acid (TCA) method, which provides significantly higher yields of these large proteins than the standard boiling SDS method used previously (VanDemark et al. 2008 ) (data not shown). Briefly, cells in log phase were collected by centrifugation, washed with water, and then suspended in 20% TCA. The cells were lysed by agitating with glass beads (eight cycles of 2 min at 4°) and then collected and washed with acetone. The cell fragments were suspended in 50 mM Tris-Cl (pH 7.5), 20 mM Tris base, and 2% SDS; boiled for 8 min; and debris was removed by centrifugation. The concentration of soluble proteins was determined using the Bio-Rad DC protein assay, and then 5-7 mg of total protein was separated by SDS-PAGE in parallel with purified target proteins. Proteins were detected using appropriate polyclonal antisera and infrared-labeled secondary antisera detected with an Odyssey scanner (LI-COR Biosciences). Only experiments with acceptable dose-response curves in which signals from all samples were flanked by standards were analyzed.
Data availability
Strains are available upon request. Supporting Information contains additional documentation of genetic interactions in Figure S1 , Figure S2 , and Figure S3 .
Results

Histone mutations suppress phenotypes caused by spt6-F249K
To investigate the physiological functions supported by the nucleosome/Spn1-binding region of Spt6, we isolated histone mutations that diminish the temperature sensitivity caused by the spt6-F249K allele (Figure 1 ). Twenty-nine independent candidates with single mutations were identified; although H3 and H4 were available for mutation and an identical strategy revealed H3-H4 mutations in a search for suppressors of the FACT allele pob3-Q308K , all 29 simple suppressors obtained were alleles of H2A or H2B. Seven of these were H2A-N39K mutants, and these also produced the highest overall suppression of phenotypes (Figure 1) . Nine of the mutants affected H2B-A84, including conversion of this alanine to aspartate, valine, or threonine, with variable effects described later. H2B-A84D and -A84V also were recovered previously as suppressors of the spt16-11 mutation in the large subunit of the histone chaperone FACT (McCullough et al. 2011) , producing the surprising result that these two histone chaperone defects can be suppressed by the same change in H2A-H2B. Similarly, H2B-F68S and -Y86C were isolated in both screens (Figure 1 , blue font). We therefore tested the other histone mutations that suppress defects caused by spt16-11 and found that all had at least some ability to ameliorate the effects of spt6-F249K as well (Figure 1 , green font). The converse was not true because some mutations isolated only in the spt6-F249K screen resulted in moderate suppression of spt16-11 strains, but others were strongly detrimental (e.g., H2B-L83S and -V101F) (Supporting Information, Figure S1A ). These same histone mutations had minor effects in otherwise normal strains ( Figure S1B ) and were typically strongly detrimental or lethal in a strain with a mutation in the small subunit of FACT, pob3-Q308K ( Figure S1C) . Notably, the response to histone mutations was more similar for Spt16 and Spt6 than for Spt16 and Pob3, so domains of unrelated histone chaperones can have functional requirements more like one another than domains within the same histone chaperone complex.
In addition to the Ts 2 phenotype, spt6-F249K also caused a strong Spt 2 phenotype (Figure 1 ), monitored here as inappropriate expression of the normally inactive lys2-128@ reporter leading to a Lys + growth phenotype (Simchen et al. 1984) . Nucleosomes are a crucial component of genomewide transcriptional repression (Kaplan et al. 2003; Hainer et al. 2011) , so the Spt 2 phenotype can be a sensitive measurement of global chromatin integrity. Alterations in the expression levels or sequences of histone genes can lead to abnormal chromatin production and therefore can cause the Spt 2 phenotype (Clark-Adams et al. 1988) , and several of the histone mutations identified here cause mild or moderate effects on their own ( Figure S1B ). Remarkably, some of the histone mutations reduce the Spt 2 phenotype caused by spt6-F249K, especially H2A-N39K (Figure 1 ), a mutation that does not cause this phenotype itself ( Figure S1B ). H2A-N39K and a subset of the other histone mutations therefore appear to restore chromatin integrity in spt6-F249K strains.
A third effect of the spt6-F249K mutation is severe sensitivity to the replication toxin hydroxyurea (HU) (Figure 1 ).
Screens for HU sensitivity (HUs) have yielded mutations in a variety of processes (Hartman and Tippery 2004) , including transcription elongation factors such as the PAF1 complex (Betz et al. 2002) , but it is not yet obvious how a phenotype more typically associated with DNA replication and repair is related to these transcription functions. Our screen required only suppression of the Ts 2 phenotype caused by spt6-F249K, but the histone mutations we identified also suppressed the HUs phenotype, except in the case of the weakest suppressor, H2B-V101F (Figure 1 ). The unselected cosuppression of the Ts 2 and HUs phenotypes suggests that both phenotypes result from the same fundamental defect in Spt6 function. The correlation is not perfect; e.g., H2A-P81Q is among the strongest suppressors of the HUs phenotype but is among the weaker suppressors of the Ts 2 phenotype (Figure 1 ), and H2B-A84D produced stronger suppression of the Ts 2 phenotype than H2B-A84T or -A84V, but all three substitutions at this residue caused similar suppression of the HUs phenotype. The stresses caused by elevated temperature and exposure to HU in a spt6-F249K mutant therefore appear to be closely related but not identical.
Together these results show that spt6-F249K compromises several processes, including the ability to grow at elevated temperatures, the ability to maintain chromatin-based repression, and the ability to tolerate the replication toxin HU. Mutations in histones can ameliorate these defects to different extents, suggesting that these phenotypes result from a defect in the histone chaperone activity of Spt6. The overlapping suppression with some alleles of FACT but detrimental effects with others indicates that each chaperone domain relies on Figure 1 Histone mutations suppress phenotypes caused by spt6-F249K. Strain 8857-13-1 pTF237 (spt6-F249K lacking genomic histone genes) (see Table 1 ) was transformed with low-copy centromere plasmids carrying the LEU2 marker and one copy of each histone gene with either the wild-type (WT) sequence or the mutation shown. After selecting for loss of the WT histone genes on pTF237, the strains were tested for growth under various conditions. Black font indicates mutations isolated only in the screen for suppressors of the temperature sensitivity caused by spt6-F249K, green indicates mutations isolated in a previous screen using an spt16-11 strain (Mccullough et al. 2011 ) that were found to also suppress phenotypes caused by spt6-F249K, and blue indicates mutations isolated in both screens. The number of independent isolates with the same mutation from the spt6-F249K screen are indicated. Cultures were grown to saturation in rich medium, and then aliquots of 10-fold serial dilutions were placed on the plates indicated and incubated at the temperature shown for the time given in days. Growth on medium lacking lysine indicates the Spt 2 phenotype in these strains with the lys2-128@ allele. HU indicates addition of hydroxyurea to YPAD (rich medium) at 90 or 150 mM.
different but related functional properties of histones or nucleosomes when performing individual functions.
Suppressor mutations map to different regions within the nucleosome structure
The residues affected by the suppressor mutations represent at least three distinct environments within the nucleosome (Figure 2) . The most common and strongest overall suppressor, H2A-N39K, occupies a particularly noteworthy location because this residue forms the major interface between the two H2A-H2B dimers within a nucleosome (White et al. 2001) (Figure 2A ). While H2A-N39K strongly suppressed all the defects observed for spt6-F249K, it had little effect in normal strains or those with FACT mutations (weakly suppressive with spt16-11, moderately detrimental with pob3-Q308K) ( Figure S1 ). The H2A-N39K mutation therefore reveals a specific functional feature or spatial domain of nucleosomes that is particularly relevant in cells with the spt6-F249K allele.
A second major group of residues affected by suppressor mutations is a cluster at the C-terminal end of the a 2 -helix of H2B, where it makes extensive contact with H4 ( Figure 2 , B and C, Group 2). This set includes alterations of H2B-T78, -A80, -L83, -A84, -Y86, -N87, and -S93, including many of the mutations that were identified in both the spt6-F249K and spt16-11 screens (Figure 1 ). H2B-T78 and -S93 are not as closely associated with the end of H2B-a 2 as the others, but they are likely to affect the position (S93Y) or stability (T78P) of this long a-helix. The third group of mutations represents mostly weaker suppressors but also interrupts H2A-H2B dimer contact with H4 ( Figure 2 , B and D, Group 3). This group includes H2A-P81, -A87, and -R89 (residues that contact each other and abut H4, where H2A-a 3 and H2B-a 2 meet) ( Figure 2D ). The strong suppressor H2B-F68S alters a residue that directly contacts H4-Y98, and the weaker suppressors in H2B-V101 and -I104 also affect residues that make or support interactions with H4.
The common theme among the second and third groups of suppressor mutations is that they would be expected to destabilize the interface between H2A-H2B and H3-H4, especially the interface with H4. Consistent with this interpretation, we previously showed that nucleosomes assembled in vitro with H2B-A84D or H2A-V101I mutations are more likely than normal to lose H2A-H2B dimers when challenged with high temperatures or high-ionic-strength conditions (McCullough et al. 2011) . While there are exceptions (e.g., H2B-L83F/S directly contacts H4-Y72 and is in a cluster of residues expected or known to affect dimer retention but strongly suppresses only spt6-F249K), the general result is therefore that destabilizing the H2A-H2B interface with H4 is beneficial to both spt6-F249K and spt16-11 mutants.
Effects of integrated histone mutations
Our previous studies showed that plasmid-based expression of histone genes does not fully recapitulate the effects of Figure 2 Physical environments of the suppressor mutations reveal spatial domains of nucleosomes important for Spt6 function. Residues mutated in spt6-F249K suppressors were mapped to the yeast nucleosome structure (PDB 1ID3) (White et al. 2001) using PyMol (Schrodinger). (A) Top view of a nucleosome with both H2A-N39 residues in surface mode colored red. (B) As in A, except rotated to the left, with one H2A-H2B dimer removed and the H2A-N39 residue in the remaining dimer colored the same as the rest of the protein. The residues affected by suppressor mutations are shown as spheres for the missing copy of the dimer only, to allow them to be seen because they are otherwise buried within the structure. The first group of suppressors is comprised entirely of H2A-N39K, and the second and third groups are described in the text and here. Suppressors were scored for their effects on growth rate, temperature sensitivity, HUs, and Spt 2 phenotype in a spt6-F249K strain (see Figure 1) , and the affected residues are color-coded here according to the aggregate score with red . purple . pink . gray. (C) A top view of the nucleosome is shown with the DNA removed to allow better visibility and the core proteins rotated slightly back into the plane of view. Both H3 molecules are shown in surface representation, one H4 is also a surface, while the other H4 molecule and one H2A-H2B dimer are rendered as ribbons, and the other H2A-H2B dimer is removed. The residues in Group 2 are identified for both H2A-H2B dimers and coded as in B. The residues in the front dimer are labeled and are shown nestling into the H4 surface. The residues in the back dimer are shown on the ribbon representation to highlight their clustering along and at the end of H2B helix a 2 . H2A-N39 is removed for clarity; it lies above and between the H2B-T78 residues. (D) A nucleosomal face is shown with Group 3 residues identified and colored as earlier. This group represents several environments and contains mostly weaker suppressors. The exception, H2B-F68, is strong and makes direct contact with the H4 surface. mutations when they are expressed from a more native genomic context (McCullough et al. 2011 . This may reflect increased flexibility in gene copy number that is possible with centromere-containing plasmids vs. chromosomes or differences in the expression patterns of the two similar copies of each histone gene (Feser et al. 2010; Eriksson et al. 2012; Kurat et al. 2014) . We therefore integrated a subset of the histone mutations into both genomic copies of the relevant histone genes to test for effects with spt6-F249K ( Figure  3A ). In general, the profiles of suppression when mutations were integrated at both endogenous loci were similar to those observed using plasmid-based expression, with integration providing slightly stronger suppression in some cases. For example, H2A-N100D expressed from a low-copy plasmid did not permit growth at 38°and suppressed the Spt 2 phenotype weakly, but stronger effects were observed on integration (compare Figure 1 to Figure 3A ). The differences between plasmid-based and genomic expression also could be affected by a change in genetic background between the screen (W303 strain) and the integrated mutations (A364a strains).
This approach also allowed us to test the effects of mixed expression, in which only one copy of the histone gene was mutated. This revealed more significant differences between the two histone genes, especially with the effects of H2A-N39K. This mutation caused little or no effect in otherwise normal strains, whether HTA1, HTA2, or both were mutated ( Figure 3, A and B) . However, in a spt6-F249K strain, the Spt 2 phenotype was strongly suppressed in hta1-N39K hta2-N39K and hta1-N39K HTA2 strains but not in HTA1 hta2-N39K ( Figure 3B ). HTA1 is essential for viability (Formosa et al. 2002) and was the gene used as the plasmid-borne source of H2A in the suppressor screen, so this result could simply reflect the reported higher expression of HTA1 relative to HTA2 (Feser et al. 2010) . However, suppression of the Ts 2 phenotype appeared to be additive, with equal contributions from HTA1 and HTA2, and only the status of HTA2 was important for suppression of the HUs phenotype because an hta1-N39K HTA2 strain was sensitive, but HTA1 hta2-N39K was as resistant as hta1-N39K hta2-N39K ( Figure 3B ). The level of suppression produced by the H2A-N39K mutation therefore varies with both the source of the protein and the phenotype being tested. HTA1 and HTA2 produce slightly different proteins (residues 124 and 125 are ...AT... in HTA1 and ...TA... in HTA2), and HTA2-HTB2 lacks some forms of repression that affect the other six histone genes (Eriksson et al. 2012; Kurat et al. 2014) . Little is known about differential regulation of the two genes under different stress conditions or the consequences of forming hybrid nucleosomes with normal and mutant proteins, but these results indicate that these can be important considerations and that plasmid-based expression of histone mutations can mask significant features of histone gene expression.
The primary contact between the two H2A-H2B dimers in a yeast nucleosome is through the two H2A-N39 side chains (Figure 2) (White et al. 2001) . Complementarity of the dipole moments of these residues makes a small contribution to the overall stability of the nucleosome, but insertion of two positively charged lysine residues into this constrained space is expected to destabilize the nucleosome structure locally as a result of charge repulsion. If this repulsion is the source of the suppression observed with the H2A-N39K mutation, then insertion of two negative charges should have the same effect because this would also lead to destabilization of the interface. Similarly, a small uncharged side chain should have less effect. To test this, we constructed strains expressing only H2A-N39D or H2A-N39A from both genomic HTA loci and compared their effects on spt6-F249K with those of H2A-N39K ( Figure 3C ). H2A-N39A caused very mild suppression of spt6-F249K phenotypes (with the strongest effect on the HUs phenotype), but H2A-N39D was at least as effective a suppressor as H2A-N39K. This result strongly suggests that charge repulsion at the H2A:H2A interface is the feature that is beneficial in spt6-F249K strains and that destabilization at this site is likely to be the mechanism of suppression.
The abundance of Spt6 protein
Interactions among histones, histone chaperones, and nucleosomes are likely to be influenced not only by the structures of both partners but also by their binding affinities and concentrations. The abundance of a Spt6-GFP fusion has been estimated to be about 9000 molecules per cell (Ghaemmaghami et al. 2003) , similar to other histone chaperones such as Asf1 (6200 per cell) and Nap1 (8100 per cell). Estimates for the abundance of FACT vary, ranging from about 10,000 to 50,000 copies per cell, with our previous data giving a value of about 25,000 copies per cell (VanDemark et al. 2008) . DNA replication requires construction of about 75,000 new nucleosomes during S phase, with about 150,000 molecules of each histone being synthesized, shuttled to replication forks, and assembled. These processes are carefully regulated because excess histones are detrimental (Meeks-Wagner and Hartwell 1986), and the pool of soluble histone proteins that is not associated with chromatin is small (we previously estimated the free pool of H3 to be about 0.6% of the total H3 in an asynchronous culture) . Given the potential importance of concentration in understanding the effects of chaperone and histone mutations, we next investigated the abundance of these factors.
We used quantitative Western blots calibrated with purified proteins to measure the abundance of Spt6, FACT, H2A, H2B, and H3 in normal and mutant cells. Western blots were especially challenging with histones because experimental variation was high, dose-response curves were typically nonlinear, and H3 was selectively lost from purified standards with time after preparation of serial dilutions (not shown). Multiple purified controls were required on each gel to ensure that each measurement was flanked by standards and to determine the shape of the dose-response curve. Some of the data for determining the concentration of Spt6 are shown in Figure 4A , and the results of the measurements of protein levels are shown in Table 2, Table 3 , and Figure 4B . Errors that would have resulted from using single-point standards and assuming linearity of dose responses would have been significant, necessitating this more rigorous approach.
We found that normal haploid yeast cells contained 24,000 molecules of Spt6 and 42,000 copies of FACT (a value for FACT 70% higher than our previous estimate, which was obtained using a less efficient extraction method) (see Materials and Methods and Table 2 ). Importantly, the Figure 4 Spt6 is abundant and displays haploinsufficiency. (A) Western blots using polyclonal antiserum against Spt6 were used to detect purified protein or protein extracted from strains A-E (see Table 1 ; C has the spt6-50 mutation that lacks the C-terminal domain and therefore produces a shorter protein). Quantitation of the standards is shown below the Western blot; the response was linear in this case but does not pass through the origin, indicating the necessity of using a standard curve to determine an accurate assessment of the amount of Spt6 in the lysates. (B) The amounts of H2A, H2B, and H3 were tested by Western blotting. In this case, a set of dilutions of lysates from a strain with WT histone genes (with the same genetic markers as the mutation being tested downstream of the genes) was used as a standard, and each histone level was normalized to the WT value. Error bars indicate the standard error of at least four measurements (two biological replicates with at least two Western blots each). (C and D) Diploids with the genotypes shown (Table 1) were tested for phenotypes as in Figure 1 . spt6-F249K mutation had little effect on Spt6 abundance or stability at elevated temperatures, unlike the less stable spt6-14 allele (Table 3 ). The Ts 2 phenotype of these strains therefore does not appear to be due to a decrease in protein abundance but rather to a defect in an activity whose importance increases with temperature or that becomes more difficult to perform at higher temperatures. With roughly one molecule of Spt6 per three nucleosomes, each nucleosome is expected to make frequent contact with Spt6. As a test of the importance of this high level of Spt6 activity, we constructed a diploid strain with a single copy of SPT6 and found that it displayed the Spt 2 phenotype and a slight growth defect at 38°(but no sensitivity to HU) ( Figure 4C ). These defects were partially suppressed even by providing more Spt6 in the form of the mutant spt6-F249K allele, indicating that high levels of Spt6 are important, especially for maintaining transcriptional repression. Neither SPT16 nor POB3 displayed similar haploinsufficiency ( Figure 4D ) , suggesting a lower requirement for full levels of FACT or a mechanism for compensating for decreased gene copy number.
The defects caused by FACT mutations can be either enhanced or suppressed by altering histone gene copy number (Formosa et al. 2002) , raising the possibility that mutations in histone genes cause suppression of spt6-F249K not by altering the properties of histones but by changing their stability. We therefore tested a subset of suppressor mutants, but none significantly altered the level of histone proteins ( Figure 4B ). Notably, deletion of the HTA2-HTB2 locus caused decreased H2A-H2B levels (but only mild suppression of the HUs phenotype and no effect on the Ts 2 or Spt 2 phenotype) ( Figure S2 ), and spt6-F249K reduced the concentration of all three histones tested, consistent with the overall loss of transcriptional repression in these strains. The altered properties of the histone mutants and not their stability therefore account for the suppression observed.
The spt6-F249K mutation was designed to disrupt the interface between Spt6 and Spn1 (McDonald et al. 2010) . If weakening of this interaction is the defect whose effects are suppressed by histone mutations, then these histone mutations also should suppress phenotypes caused by other mutations that weaken the interaction. We tested this by examining the effects of suppressors on spn1-F267E, a mutation that also weakens the Spt6:Spn1 interface. Indeed, we observed partial suppression of the Ts 2 and Spt 2 phenotypes using integrated histone mutations, especially with H2A-N39K, the strongest suppressor of spt6-F249K ( Figure 5A ). These results support the model that Spn1 competition with nucleosomes or histones is a central function of Spt6 [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] [251] [252] [253] [254] [255] [256] [257] [258] .
To determine whether the suppression of spt6-F249K by histone mutations is a general property of spt6 mutants, we combined H2A-N39K with alleles that perturb other domains of Spt6. The spt6-1004 (D931-994) (Kaplan et al. 2003 ) and spt6-14 (S952F) (Simchen et al. 1984 and Fred Winston, personal communication) alleles alter the central core of Spt6 (Johnson et al. 2008) , and spt6-50 (K1274stop) (Simchen et al. 1984 and Fred Winston, personal communication) and spt6-A1247-V5 (a precise truncation of the tandem SH2 domain replaced by a V5 epitope) disrupt the C-terminal domain. Each allele causes the Spt 2 phenotype, the core mutations cause temperature sensitivity, and the C-terminal truncations cause HUs, but none of these phenotypes were significantly affected by H2A-N39K ( Figure 5B and Figure S3 ). The suppression of spt6-F249K by this histone mutation is therefore at least partly specific to this allele.
Spt6 binds H2A-H2B and H3-H4
Previous studies showed that immobilized GST-Spt6 retained human or yeast H3-H4 and also human H2A-H2B (Bortvin and Winston 1996) . No yeast H2A-H2B interaction was observed, and the human H2A-H2B was released in lower-salt washes than H3-H4. Even though this experiment also showed a potential for H2A-H2B binding, Spt6 subsequently has been broadly considered to be an H3-H4 chaperone (Das and Tyler 2012; Kwak and Lis 2013) . Given the prevalence of Figure 5 Effects of histone mutations on a spn1 allele and on other alleles of spt6. Strains with the relevant genotypes listed (Table 1) were tested for phenotypes with integrated histone mutations as in Figure 1. H2A-H2B mutations obtained as suppressors of a spt6 mutation and the overlap with suppressors of defects in FACT, which binds both H3-H4 and H2A-H2B Hondele et al. 2013; Kemble et al. 2013) , we revisited the binding of purified Spt6 with histones using a soluble assay instead of the immobilized pull-down approach.
Labeled yeast H2A-H2B dimers do not enter native polyacrylamide gels under our normal electrophoresis conditions, but titration with Spt6 produced stable complexes ( Figure  6A ). The binding was saturable, displaying half-maximal complex formation at about 700 nM Spt6 (Figure 6 , A and B). Similar affinity was observed using dimers containing the H2A-N39K mutation that produced the strongest suppression earlier, indicating that this mutation does not disturb a recognition site for Spt6 ( Figure 6A ).
Yeast H3-H4 complexes are difficult to test in this assay because they are sparingly soluble under these low-ionicstrength conditions. We therefore used better-behaved histone octamers as the source of histones with different fluorescent labels on H2A and H4. H2A-H2B supplied from octamers displayed the same affinity for Spt6 as when it was supplied as free dimers, and binding to H3-H4 was observed, as expected, with half-maximal binding near 1 mM ( Figure 6B ). Similar results were obtained with recombinant histones derived from Xenopus laevis; in this case, free H3-H4 is soluble, and half-maximal binding was observed at about 600 nM for both histone complexes ( Figure 6C ). The Spt6:human H2A-H2B interaction was reported to be more salt sensitive than the H3-H4 interaction (Bortvin and Winston 1996) , but we found the complexes with either yeast or frog H2A-H2B to be stable over a broad range of salt concentrations ( Figure 6D ). This suggests that the binding includes a hydrophobic component and is not simply a result of nonspecific interaction between the acidic N-terminal domain of Spt6 and the basic histones. We conclude that Spt6 can bind both H2A-H2B and H3-H4 with similar affinity in these solution-based binding assays. Together with the previous demonstration that Spt6 can bind DNA and nucleosomes (McDonald et al. 2010; Close et al. 2011) , this makes Spt6 a multifunctional chaperone capable of binding each of the components of the nucleosome as well as the assembled product.
FACT also binds to each component of the nucleosome, with affinity for H3-H4 similar to that observed here but higher affinity for H2A-H2B (about 600 and 30 nM, respectively) Hondele et al. 2013; Kemble et al. 2013) . If interaction with each component of the nucleosome is sufficient to produce reorganization, Spt6 also should have this activity. However, Spt6 did not produce either enhanced restriction endonuclease digestion of nucleosomal DNA (Figure 6E) or increased displacement of H2A-H2B dimers (Figure 6F) . We conclude that Spt6 and FACT have overlapping activities in terms of binding to nucleosomes and their Complexes were detected as in A but using either H2A-H2B dimers alone or histones assembled into octamers in high salt and then diluted to reaction conditions shortly before use. Signals were plotted for each component as shown. (C) Complexes were detected by EMSA as in A but using labeled recombinant histones with sequences from X. laevis. (D) Spt6:H2A-H2B complexes were formed using either yeast or frog proteins and then titrated with NaCl and tested by EMSA. (E) Nucleosomes assembled with 5S rDNA and yeast histones was mixed with Nhp6, Spt6 + Nhp6, or Spt16 2 Pob3 and Nhp6 (FACT), and then the rate of digestion of the unique DraI site near the center of the 5S rDNA nucleosome positioning sequence was determined as described by Xin et al. (2009) . Measurements were made in triplicate, and the average and SD were plotted. (F) Nucleosomes assembled with 5S rDNA and yeast histones with a fluorescent label in the H2A-H2B dimer were incubated with Spt6 + Nhp6 or FACT; then an excess of unlabeled genomic DNA was added prior to electrophoretic separation on native acrylamide gels to disrupt binding to nucleosomes. The amount of H2A-H2B displaced from the nucleosomes was determined in triplicate, and the average and SD were plotted. MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-F249K(-424, KanMX) 9008-2-2 MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-N39K(+220, His3MX) hta2-N39K(+30, URA3) 9022-6-2
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-F249K(-424, KanMX) hta1-N39K(+220, His3MX) hta2-N39K(+30, URA3) 9021-2-4
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-N100D(+220, His3MX) hta2-N100D(+30, URA3) 9034-3-1
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-F249K(-424, KanMX) hta1-N100D(+220, His3MX) hta2-N100D(+30, URA3) 8523-2-1
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-V101I(+220, His3MX) hta2-V101I(+30, URA3) 9636-9-3
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-V101I(+220, His3MX) hta2-V101I(+30, URA3) spt6-F249K(-424, KanMX)
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ htb1-A84D(+30, LEU2) htb2-A84D(+30, His3MX) spt6-F249K(-424, URA3)
Figure 3B
A364a background
8127-7-4
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ 9659-10-3
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-F249K(-424, KanMX) 9659-6-4
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-F249K(-424, KanMX) hta1-N39K(+220, His3MX) 9659-7-3
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-F249K(-424, KanMX) hta2-N39K(+30, URA3) 9659-7-4
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-F249K(-424, KanMX) hta1-N39K(+220, His3MX) hta2-N39K(+30, URA3)
Figure 3C
A364a background 8127-7-4 MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ 9506-1-3
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-F249K(-424, KanMX) 9008-2-2 MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-N39K(+220, His3MX) hta2-N39K(+30, URA3) 9659-8-3
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-F249K(-424, KanMX) hta1-N39K(+220, His3MX) hta2-N39K(+30, URA3) 9705-1-2 MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-N39A(+220, His3MX) hta2-N39A(+30, URA3) 9712-8-4
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-N39A(+220, His3MX) hta2-N39A(+30, URA3) spt6-F249K(-424, KanMX) 9709-5-1
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-N39D(+220, His3MX) hta2-N39D(+30, URA3) 9713-1-4
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-N39D(+220, His3MX) hta2-N39D(+30, URA3) spt6-F249K(-424, KanMX) Figure 4A Strains for Spt6 abundance measurement (S288c background)
8205-3-1 MATa ura3-52 leu2-D1 trp1-D63 his4-912@ lys2-128@ 8142-8-1
MATa ura3-52 leu2-D1 his4-912@ lys2 spt6-14 8164-3-3
MATa ura3-52 leu2-D1 trp1-D63 his4-912@ lys2-128@ spt6-50 8205-5-3
MATa ura3-52 leu2-D1 trp1-D63 his4-912@ lys2-128@ FLAG-spt6-1004 8789-1-3
MATa ura3-52 leu2-D1 trp1-D63 his4-912@ lys2-128@ spt6-F249K(-424, URA3)
Figure 4B
Strains for histone abundance measurement (A364a background) 8500-10-2 MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ HTA1(+220, His3MX) HTA2(+30, URA3) 8483-9-1 MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ HTB1(+30, URA3) HTB2(+30, His3MX) 9008-2-2 MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-N39K(+220, His3MX) hta2-N39K(+30, URA3) 9021-2-4
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-N100D(+220, His3MX) hta2-N100D(+30, URA3) 9019-1-2
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ htb1-L83F(+30, URA3) htb2-L83F(+30, His3MX) 8442-4-3
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ htb1-A84D(+30, URA3) htb2-A84D(+30, His3MX) 9430-2-1 ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta2-htb2-D(::HphMX) 9506-1-3
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-F249K(-424, KanMX)
components, but these two essential histone chaperones have distinct biochemical as well as physiological activities.
Discussion
The spt6-F249K mutation weakens the interaction between Spt6 and Spn1, and we show here that the resulting defects in chromatin-mediated repression, growth, and ability to tolerate elevated temperatures or the replication toxin HU can be suppressed by mutations in histones H2A or H2B. The common feature of the suppressing mutations is that they appear to destabilize nucleosomal structure, with disturbance of the H2A:H2A interface between the two H2A-H2B dimers within 
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MATa/MATa ura3-D0/ura3-D0 leu2-D0/leu2-D0 trp1-D2/trp1-D2 his3/+ +/his7 lys2-128@/lys2-128@ 8537-1 MATa/MATa ura3-D0/ura3-D0 leu2-D0/leu2-D0 trp1-D2/trp1-D2 his3/+ +/his7 lys2-128@/lys2-128@ spt6-D(::KanMX)/SPT6 9465 MATa/MATa ura3-D0/ura3-D0 leu2-D0/leu2-D0 trp1-D2/trp1-D2 his3/+ +/his7 lys2-128@/lys2-128@ spt6-F249K(URA3, -424)/SPT6 9562 MATa/MATa ura3-D0/ura3-D0 leu2-D0/leu2-D0 trp1-D2/trp1-D2 his3/+ +/his7 lys2-128@/lys2-128@ spt6-F249K(-424, URA3)/spt6-F249K(-424, URA3) Figure MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spn1-F267E(+49, TRP1) 9008-2-2
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-N39K(+220, His3MX) hta2-N39K(+30, URA3)
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-N100D(+220, His3MX) hta2-N100D(+30, URA3) 9037-2-1
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-N100D(+220, His3MX) hta2-N100D(+30, URA3) spn1-F267E(+49, TRP1) 9019-1-2
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ htb1-L83F(+30, URA3) htb2-L83F(+30, His3MX) 9033-2-4
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ htb1-L83F(+30, URA3) htb2-L83F(+30, His3MX) spn1-F267E(+49, TRP1)
Figure 5B
A364a background (V5 epitopes were added after Spt6 A1247 or in place of the native stop codon as a control for the tagged truncation.)
8127-7-4
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ 9008-2-2 MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ hta1-N39K(+220, His3MX) hta2-N39K(+30, URA3) 9565-8-1
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-F249K(-424, HphMX) 9659-8-3
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-F249K(-424, KanMX) hta1-N39K(+220, His3MX) hta2-N39K(+30, URA3) 9755-1-4
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-A1247-V5(KanMX) 9775-5-4
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ spt6-A1247-V5(KanMX) hta1-N39K(220, His3MX) hta2-N39K(30, URA3) 9756-1-2
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ SPT6-V5(KanMX) 9776-2-4
MATa ura3-D0 leu2-D0 trp1-D2 his3 lys2-128@ SPT6-V5(KanMX) hta1-N39K(220, His3MX) hta2-N39K(30, URA3) ura3-52 leu2-D1 trp1-D63 his4-912@ lys2-128@ hta1-N39K(+220, NatMX) hta2-N39K(+30, URA3) 9584-1-2 ura3 leu2 trp1 his4-912@ lys2-128@ FLAG-spt6-1004 9717-5-2 ura3 leu2 trp1 his4-912@ lys2-128@ FLAG-spt6-1004 hta1-N39K(+220, NatMX) hta2-N39K(+30, URA3) 9583-8-1 ura3 leu2 trp1 his4-912@ lys2-128@ spt6-14 9714-3-4 ura3 leu2 trp1 his4-912@ lys2-128@ spt6-14 hta1-N39K(+220, NatMX) hta2-N39K(+30, URA3) 9571-2-4 ura3 leu2 trp1 his4-912@ lys2-128@ spt6-50 9715-4-3 ura3 leu2 trp1-D63 his4-912@ lys2-128@ spt6-50 hta1-N39K(+220, NatMX) hta2-N39K(+30, URA3)
For Figure 1 and Figure S1A -C, the strain listed was used as the parent for the plasmid swaps that replaced pTF237 (YCp URA3 HHT2-HHF2, HTA1-HTB1) with the similar plasmids marked with LEU2 that carry the histone gene mutations noted in each case.
a nucleosome being especially beneficial. Histone mutations could cause many types of indirect effects, but the cosuppression of spn1-F267E, which maps to and weakens the same interface as spt6-F249K, by the same histone mutations strongly suggests that the mechanism of suppression centers on the Spt6:Spn1 interaction. A simple explanation for the suppression therefore would be that the histone mutations map the site of interaction between Spt6 and nucleosomes. Spn1 competes with nucleosomes for binding to Spt6, so the balance between these two ligands for occupancy of Spt6 could be a switch that regulates some feature of chromatin maintenance (McDonald et al. 2010) . Weaker binding of Spt6 to Spn1 then could be compensated by weaker binding of Spt6 to nucleosomes with defective Spt6 interaction sites. Spt6 is usually considered to be an H3-H4 chaperone, which would make it puzzling that our results map putative binding site residues exclusively in H2A-H2B, but Spt6 also binds H2A-H2B (Bortvin and Winston 1996) , and we show that this affinity is equivalent to the binding of H3-H4 ( Figure  6 ). However, the broad spatial distribution and inaccessibility of the residues affected by suppressor mutations in the assembled nucleosome (Figure 2 ) argue against the interpretation that the suppressors are all part of a binding site for Spt6. Further, the most common and strongest suppressor isolated in the screen was H2A-N39K, but H2A-N39D was an equally strong suppressor, whereas H2A-N39A was neutral ( Figure  3) , and the H2A-N39K mutation did not affect the affinity of Spt6 for H2A-H2B in vitro ( Figure 6A ). Given the role of this residue in forming the contact between the two H2A-H2B dimers in a nucleosome, these observations argue that charge repulsion and therefore destabilization of the nucleosome at this site constitute the mechanism of suppression, not loss of a binding epitope. FACT is proposed to promote a reversible transition between canonical nucleosomes and a reorganized form comprised of the same components but in a more open, accessible form (Formosa 2012) . The Spt16-11 mutant protein is inefficient at maintaining this reorganized state, and some of the phenotypes caused by the spt16-11 allele were suppressed by some of the same H2A-H2B:H3-H4 interface mutants that were identified here as suppressors of spt6-F249K (McCullough et al. 2011) . In the case of spt16-11, we interpreted the suppression as indicating that loosening the nucleosome made reorganization easier, reducing the requirement for efficient FACT activity. However, we show here that Spt6 does not produce the changes in nucleosome structure characteristic of FACT-mediated reorganization in vitro, so promoting reorganization is unlikely to be the mechanism of suppression of spt6-F249K. The same form of destabilization of nucleosomes therefore can be beneficial for different chaperone mutants for different mechanistic reasons.
Histone chaperones bind surfaces of histones that would otherwise be prone to forming inappropriate nonspecific interactions, but they must release these surfaces in a coordinated manner to allow efficient nucleosome assembly. For example, Asf1 binds a surface of H3 that is not accessible in an assembled nucleosome (Antczak et al. 2006; English et al. 2006) , and FACT and Spt2 compete with nucleosomal DNA for binding to histones (Hsieh et al. 2013; Kemble et al. 2013; Chen et al. 2015) . Destabilization of the nucleosome therefore could assist chaperone functions by making their binding sites within existing nucleosomes more accessible, thereby promoting disassembly of nucleosomes. However, reversal of the Spt 2 phenotype suggests that suppression results from ameliorating a defect in nucleosome assembly, not a defect in disassembly, because promoting assembly is more likely to enhance chromatin-mediated repression of transcription. It is possible that some perturbations of histone:histone interactions within the nucleosome are beneficial to assembly, but this is unlikely to be the case over the broad range of suppressors identified here. Further, while many of the mutations that destabilize internal nucleosomal interactions suppressed both spt16-11 and spt6-F249K, H2A-N39K was specific for the Spt6 defect. Destabilization is therefore not a simple global property, but one with local, spatial specificity with distinct effects on different chaperones. Together these arguments disfavor the idea that suppression of spt6-F249K is due to enhanced accessibility of binding sites for Spt6.
We propose instead that nucleosome assembly includes some assessment of the quality of the product and that the interaction between Spn1 and Spt6 is part of this process. Nucleosome assembly is likely to require multiple steps because chaperones release interfaces and new ones are formed in some ordered sequence. If the interaction between Spn1 and Spt6 is part of a system for monitoring the completion of some step in assembly or certifying the ultimate maturity of the nucleosome, then weakening this interaction could cause the failure of some step to go unnoticed, decreasing the quality of the resulting chromatin. Histones mutations that destabilize internal features of nucleosomes might then suppress this defect by triggering independent monitoring systems, decreasing the importance of The same strains as in Figure 4A were tested under the conditions listed; signals were normalized to Spt6 WT at 30°; experiments were performed in triplicate with the standard error shown.
the Spn1:Spt6-mediated process. For example, H2A-N39K might create a strong signal that the H2A:H2A interface is abnormal, and this could either enhance the activity of Spt6 to overcome the barrier or recruit assistance from other assembly factors. In either case, the monitoring function assisted by Spn1 would become less necessary because activation of an alternative sensing system leads to correction of the abnormality. While speculative, this model explains how the broad range of perturbations of internal surfaces suppresses the spt6-F249K allele. It also suggests that different spatial regions of the nucleosome are monitored independently and that quality assessment and nucleosome repair may be important functions of histone chaperones. We previously suggested a similar concept to explain the specificity of histone mutations that suppress the pob3-Q308K mutation affecting the small subunit of FACT . In that case, suppressor mutations clustered in a region of H4 that makes a tight turn as the N-terminal tail joins the globular domain in the assembled nucleosome but is more extended outside a nucleosomal context, such as in the Asf1:H3-H4 complex (Antczak et al. 2006; English et al. 2006) . The Pob3-Q308K protein was unable to release efficiently from nucleosomes in vitro, but this defect was corrected by the H4 mutations, suggesting that this domain of FACT is responsible for monitoring the correct folding of this domain or perhaps for preventing it from becoming extended during reorganization, thereby promoting a discrete step on the pathway to nucleosome assembly. The results presented here extend this idea to Spt6, suggesting that this chaperone also has a prominent role in inspecting the quality of nucleosome assembly as well as promoting it mechanistically.
HUs results from a variety of defects (Hartman and Tippery 2004) but is generally linked to a role in DNA replication because this toxin inhibits the production of replication precursors by ribonucleotide reductase. FACT is linked physically and genetically with DNA replication factors (Formosa 2012) , but Spt6 has not been implicated previously in replication. Mutations in other transcription factors such as the PAF1 complex also cause HUs (Betz et al. 2002) ; the linkage between these processes is currently unclear but may involve several different mechanisms including direct collisions between replication and transcription complexes or the effects of residual RNA:DNA hybrids (e.g., see Herrera-Moyano et al. 2014) . Suppression of the Spt 2 phenotype suggests that histone mutations can promote assembly of high-quality chromatin even when Spt6 is defective. If Spt6 contributes to nucleosome assembly or quality monitoring in a general way, then histone mutations that restore this function also could solve the more general problem, restoring efficient chromatin formation in the contexts of replication and repair as well. The possibility that Spt6 contributes to de novo nucleosome assembly either directly or through a monitoring function is an attractive way to explain our results without proposing a new activity for Spt6.
Our previous results revealed unexpected differences when histone gene mutations were expressed from plasmids or from genomic loci, and this also was observed with suppressors of spt6-F249K. For example, suppression by H2A-N39K varied depending on the source of the mutant protein, with Spt 2 suppression correlating mostly with hta1-N39K but HUs suppression being linked more closely with hta2-N39K (Figure 3) . These results underscore the nonequivalence of the two versions of the histone genes, suggesting different roles for each, especially under specific stress conditions, and they highlight the inadequacy of the commonly used method of testing the effects of histone mutations by supplying them from low-copy plasmids in strains lacking genomic versions. Such strains are viable but cannot be considered to be normal or to recapitulate the full repertoire of the mechanisms of regulation of histone expression.
A haploid yeast cell contains about 75,000 nucleosomes, and our Western blot measurements indicated that Spt6 and FACT together nearly match this number, with 24,000 molecules of Spt6 and 42,000 molecules of FACT per haploid cell (Table 2 ). These high values affect models for how these chaperones interact with one another, with histones, and with nucleosomes. Most notably, they suggest that the importance of "recruiting" these chaperones to specific sites within the genome may be a more minor component of regulating their activity than supposed because Spt6 and FACT together are nearly equimolar with nucleosomes. This high abundance is consistent with the proposed role for these chaperones in nucleosomal quality inspection because each chaperone would interact frequently with every nucleosome in the cell.
The results presented here reveal unexpected overlap between the features of nucleosomes that are important to two essential histone chaperones, Spt6 and FACT, and they indicate complexity in the localized spatial dynamics within a nucleosome. Notably, they suggest a role in nucleosome assembly that is more sophisticated than that implied by calling these factors chaperones because they also act as matchmakers that promote nucleosome assembly. This role may include elements of quality sensing and repair of abnormalities, significantly extending the functions of chaperones beyond simple binding of histones. Effects of spt6-F249K suppressors in FACT mutants or a WT strain. Tests were conducted as in Fig 1. A) Strain 9029-3-2 pTF237 (spt16-11 with histone deletions) was transformed with plasmids carrying suppressors of spt6-F249K to test for overlap between the two sets of suppressors. B) Strain 9028-6-1 pTF237 (WT with histone deletions) was tested as above to determine the effects of histone mutations in an otherwise normal strain. C) Strain 9028-1-4 pTF237 (pob3-Q308K with histone deletions) was tested with the spt6-F249K suppressor plasmids and tested as above. Only a subset of the plasmids was able to support growth of the pob3-Q308K strain, with others failing to grow on medium containing FOA, indicating inability to lose the WT histone plasmid pTF237 (left panel).
Strains that survived this selection were tested for phenotypes as above (right panel).
Figure S2
Deletion of HTA2-HTB2 has mild effects on an spt6-F249K strain. Strains with the relevant genotypes listed (Table 1) were tested for phenotypes as in Fig 1. 
Figure S3
H2A-N39K has minor effects on other alleles of spt6. Mutations affecting the central core (spt6-1004 and spt6-14) or C-terminal domain (spt6-50) of Spt6 do not show the strong suppression of phenotypes by hta1-N39K hta2-N39K that was observed with spt6-F249K. Each allele caused a strong Spt -phenotype detected as His + and Lys + phenotypes with these strains that carry both his4-912∂ and lys2-128∂ reporters (Table 1) . Neither this nor other phenotypes associated with these alleles were strongly suppressed by H2A-N39K.
